J.S.). The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/Objective-The aim of this study was to determine whether thioredoxin 1 (Trx1) mediates the cardioprotective effects of hydrogen sulfide (H 2 S) in a model of ischemic-induced heart failure (HF). Approach and Results-Mice with a cardiac-specific overexpression of a dominant negative mutant of Trx1 and wild-type littermates were subjected to ischemic-induced HF. Treatment with H 2 S as sodium sulfide (Na 2 S) not only increased the gene and protein expression of Trx1 in the absence of ischemia but also augmented the HF-induced increase in both. Wild-type mice treated with Na 2 S experienced less left-ventricular dilatation, improved left-ventricular function, and less cardiac hypertrophy after the induction of HF. In contrast, Na 2 S therapy failed to improve any of these parameters in the dominant negative mutant of Trx1 mice. Studies aimed at evaluating the underlying cardioprotective mechanisms found that Na 2 S therapy inhibited HF-induced apoptosis signaling kinase-1 signaling and nuclear export of histone deacetylase 4 in a Trx1-dependent manner. Conclusions-These findings provide novel information that the upregulation of Trx1 by Na 2 S therapy in the setting of HF sets into motion events, such as the inhibition of apoptosis signaling kinase-1 signaling and histone deacetylase 4 nuclear export, which ultimately leads to the attenuationof left-ventricular remodeling. (Arterioscler Thromb Vasc Biol. 2013;33:744-751.) Key Words: apoptosis signaling kinase-1 ◼ histone deacetylase 4 ◼ nuclear factor of activated T cells ◼ thioredoxin 1 ◼ heart failure ◼ hydrogen sulfide ◼ left ventricular remodeling
I n response to myocardial injury, the geometry, mass, volume, and function of the left ventricle (LV) change during a process referred to as ventricular remodeling. Initially, this process is considered to be adaptive. However, in response to continuous stimuli after events, such as myocardial infarction, LV remodeling becomes maladaptive leading to the development of heart failure (HF). 1 Moreover, the morphological and functional changes that accompany LV remodeling serve as predictors of morbidity and mortality. 2 Therefore, it is necessary to elucidate cellular and molecular mechanisms that underlie the development of HF, so that pharmacotherapies designed to coincide with the standard means of care can be implemented to improve the prognosis of patients suffering from this debilitating disease. 3 In this regard, therapeutic strategies aimed at increasing the levels of hydrogen sulfide (H 2 S) have come to be a focus of interest, given their ability to exert cytoprotective effects in various models of injury. In the heart, treatment with exogenous H 2 S or modulation of the endogenous production of H 2 S through the cardiac-specific overexpression of the H 2 S-generating enzyme, cystathionine γ-lyase, promotes cardioprotection against acute myocardial ischemia-reperfusion injury and HF. 4, 5 In contrast, the pharmacological inhibition or genetic deficiency of cystathionine γ-lyase results in an exacerbation of myocardial injury. 6, 7 These and other studies demonstrate that H 2 S uses a variety of effects to counter ischemic injury, including its ability to attenuate oxidative stress, inhibit apoptosis, and reduce inflammation. 7 Although these studies provide important insights in the cardioprotective actions of H 2 S, they have not fully investigated the cellular mechanisms that underlie these cytoprotective effects.
Thioredoxin 1 (Trx1) is an oxidoreductase enzyme that acts as an antioxidant by facilitating the reduction of other proteins by cysteine thiol-disulfide exchange. 8 Through its redox activity, Trx1 regulates apoptosis signal-regulating kinase-1 (ASK1), nuclear factor κB, Ras, and Akt. 9 Patients with acute coronary syndrome and dilated cardiomyopathy show elevated serum levels of Trx1, suggesting a possible association between Trx1 and the severity of HF. 10 Experimental studies demonstrate that Trx1 plays a prosurvival role in response to myocardial injury. This is attributed to its ability to reduce cardiac hypertrophy in models of HF 11, 12 and to reduce apoptosis in models of HF 13 and ischemia-reperfusion injury. 14 Therefore, Trx1 is an ideal cellular target for impeding the progression of HF.
H 2 S has previously been shown to increase the protein expression of Trx1. 4 On the basis of this evidence and the evidence that Trx1 plays a protective role in the heart, one can speculate that Trx1 contributes to the cardioprotective mechanisms of H 2 S. Therefore, a major goal of this study was to determine whether Trx1 mediates the cardioprotective effects of H 2 S in a model of ischemic-induced HF.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Na 2 S Treatment Limited the Extent of Myocardial Injury After HF
Initial experiments were conducted to investigate the extent of myocardial injury and the effects of H 2 S in the ischemic HF model. For these experiments, mice were subjected to 60 minutes of left coronary artery ischemia followed by 4 weeks of reperfusion. H 2 S, administered in the form of Na 2 S (100 μg/kg), or vehicle was administered at reperfusion and then for the first 7 days of reperfusion. HF increased left-ventricular end-diastolic diameter and left-ventricular end systolic diameter in both groups ( Figure 1A and 1B; P<0.01 versus baseline). However, the increase in LV dimensions was attenuated in wild-type (WT) mice treated with Na 2 S (WT Na 2 S HF) compared with vehicle-treated mice (WT Veh HF; P<0.001). After HF, LV ejection fraction and LV fractional shortening decreased in both groups ( Figure 1C and 1D; P<0.001 versus baseline). Na 2 S treatment, however, significantly improved LV function (P<0.001 versus WT Veh HF). Along with the improvements in LV dimensions and function, Na 2 S-treated mice displayed better contractility and relaxation after the induction of HF when compared with the vehicle-treated mice, as evidenced by the improvements in LV dP/dt max, dP/dt min, and the relaxation time constant τ ( Figure I in the online-only Data Supplement), as well as Max LV pressure, and circumferential stress ( Figure 1E and 1F; P<0.05 versus WT Veh HF).
Additional experiments were then conducted to determine the circulating and cardiac levels of sulfide after treatment with Na 2 S in the presence and absence of HF. For the first set of experiments, mice were treated with Na 2 S for 7 days (daily tail vein injections) and then different groups were euthanized at 1 week, 2 weeks, and 4 weeks after the start of treatment. At the end of the treatment period (1 week), free H 2 S and sulfane sulfur (bound sulfide) levels were significantly increased in the blood when compared with baseline levels (Figure 2A ). However, these levels returned to baseline levels by 1 week after the end of the treatment period (2-week time point). In the heart, Na 2 S treatment did not significantly increase free H 2 S levels at any time point investigated ( Figure 2B ). Cardiac sulfane sulfur levels were increased at the end of the treatment period and then declined to baseline levels by 1 week after the end treatment (2-week time point). Experiments then were conducted to evaluate the circulating and cardiac levels of sulfide in the setting of HF. For these experiments, mice were subjected to HF and Na 2 S treatment as described above. Different groups were then euthanized at 1, 2, and 4 weeks after reperfusion. Circulating levels of free H 2 S and sulfane sulfur were not altered in the Veh HF group at any time point investigated ( Figure 2C and 2D). In contrast, free H 2 S levels trended (P=NS) to be higher in the Na 2 S group, and sulfane levels were significantly higher at both 1 week (P<0.05 versus Veh HF and P<0.01 versus baseline) and 2 weeks (P<0.05 versus baseline) of reperfusion. In the heart, free H 2 S and sulfane sulfur levels rose slightly higher than baseline levels at 1 week of reperfusion in the Veh HF group before significantly falling to levels below baseline at both 2 weeks and 4 weeks of reperfusion ( Figure 2E and 2F). Cardiac levels of sulfide in the Na 2 S HF group displayed similar trends with the Veh HF group. However, the levels in the Na 2 S HF group were higher than the Veh HF levels at all time points evaluated, especially at 2 weeks after reperfusion (P<0.05 versus Veh HF).
Na 2 S Therapy Increases the Gene and Protein Expression of Trx1
One of the potential mechanisms by which it is hypothesized that Na 2 S provides cytoprotection during the development of HF is through an increase in Trx1 signaling. Therefore, experiments were conducted to evaluate whether Na 2 S therapy altered the expression of Trx1 in the setting of HF. For these experiments, mice were divided into sham or HF groups. The mice in the sham groups were administered vehicle (Sham) or Na 2 S (Na 2 S Sham) for 7 days. The mice in the HF groups were subjected to myocardial ischemia-reperfusion injury and received either vehicle (Veh HF) or Na 2 S (Na 2 S HF) at reperfusion and then daily for 7 days after reperfusion. Mice were then euthanized at this time and the hearts were processed to evaluate changes in the gene and protein expression of Trx1. Polymerase chain reaction analysis revealed an increase in the gene expression of Trx1 in the Na 2 S Sham mice ( Figure 3A ; P<0.05 versus Sham). HF also significantly increased the gene expression of Trx1 when compared with the sham hearts (P<0.001). Importantly, the Trx levels were found to be the highest in the hearts from the Na 2 S HF mice (P<0.001 versus Sham and P<0.01 versus Veh HF). Western blot analysis confirmed the increase in Trx1 protein levels with similar trends ( Figure 3B ). Additionally, Trx1 activity was significantly increased after HF in both groups ( Figure 3C ; P<0.001 versus Sham). Again, Trx activity was found to be the highest in the hearts from the Na 2 S HF mice (P<0.01 versus Veh HF).
Na 2 S Therapy Failed to Attenuate the Development of HF Without Functional Trx1
Experiments were then conducted to investigate whether Trx1 was critical for the cardioprotection afforded by Na 2 S therapy. Dominant negative mutant Trx1 (Tg-DN-Trx1) mice were subjected to HF and Na 2 S treatment as described above. Echocardiography at 4 weeks of reperfusion revealed that HF significantly increased left-ventricular end-diastolic diameter and left-ventricular end systolic diameter in the Tg-DN-Trx1 mice receiving vehicle (Tg-DN-Trx1 Veh HF) or Na 2 S (Tg-DN-Trx1 Na 2 S HF; Figure 1A and 1B; P<0.05 versus baseline). The increase in left-ventricular end systolic diameter was significantly higher in both groups of Tg-DN-Trx1 mice when compared with the WT Veh HF group (P<0.05). HF also reduced LV ejection fraction and LV fractional shortening in both groups ( Figure 1C and 1D; P<0.001 versus baseline). Again the decrease in both LV ejection fraction and LV fractional shortening was significantly lower in both groups of Tg-DN-Trx1 mice when compared with the WT Veh HF group (P<0.05). Importantly, Na 2 S therapy failed to reduce the dimensions or improve LV function in the Tg-DN-Trx1 mice. The failure of Na 2 S therapy to attenuate the development of HF without functional Trx1 was further confirmed with hemodynamic measurements. Na 2 S therapy failed to improve any of these measurements in the Tg-DN-Trx1 mice ( Figure 1E and 1F and Figure I in the online-only Data Supplement).
The Tg-DN-Trx1 mice possess a cardiac-specific overexpression of a dominant negative mutant of Trx1, which results in diminished activity of endogenous Trx. 11 Because this is not a true knockout model, experiments were conducted to determine how HF and Na 2 S treatment affect the expression and activity of endogenous Trx1 in the Tg-DN-Trx1 mice. First, using an antibody from Santa Cruz Biotechnology (sc-18215) that recognizes both human and mouse Trx1 and an antibody from Cell Signaling Technology (2298S) that only recognizes mouse and rat Trx1, it was determined that the cardiac expression of endogenous Trx1 was similar between Tg-DN-Trx1 and WT mice ( Figure IIA and IIB in the onlineonly Data Supplement). HF significantly increased the expression of endogenous Trx1 in both groups of Tg-DN-Trx1 mice ( Figure 3D ; P<0.05 versus Sham). The increase in expression was not as high as the increase observed in the WT mice, and Na 2 S treatment did not further increase Trx1 levels in the Tg-DN-Trx1 mice. Additionally, the activity of Trx1 was not increased in either group of mice after the induction of HF ( Figure 3C ). Together, these data suggest that HF does increase the expression of endogenous Trx1 in the Tg-DN-Trx1 mice, but the activity of Trx1 does not change.
Na 2 S Therapy Failed to Decrease Cardiac Hypertrophy Without Functional Trx1
Cardiac hypertrophy was analyzed by determining heart weight/body weight ratios, heart weight/tibia length ratios, and myocardial cell surface area in both WT and Tg-DN-Trx1 mice (Figure 4 ). Analysis at 4 weeks of reperfusion revealed that HF significantly increased heart weight/body weight and heart weight/tibia length ratios, as well as myocardial cell surface area in the WT and Tg-DN-Trx1 mice receiving vehicle or Na 2 S treatment. When compared with the WT Veh HF group, the Tg-DN-Trx1 Veh HF and Tg-DN-Trx1 Na2S HF groups displayed more of an increase in cardiac hypertrophy based on the heart weight/tibia length ratios and myocardial cell surface area measurements ( Figure 4B and 4D; P<0.01 ). Treatment with Na 2 S reduced cardiac hypertrophy in the WT mice but failed to reduce hypertrophy in the Tg-DN-Trx1 mice.
Na 2 S Therapy Decreased the HF-Induced Activation of the ASK1-Jnk/p38 Signaling Cascade in a Trx1-Dependent Manner
Experiments were then conducted to investigate potential mechanisms by which Trx1 mediates the protective effects of Na 2 S therapy. In the heart, Trx1 plays a prosurvival role in response to stress by inhibiting ASK1 15 and modulating the nuclear localization of class II histone deacetylases (HDACs). 16 Therefore, subsequent experiments focused on these 2 downstream targets of Trx1.
ASK1 regulates cardiac remodeling in response to different HF stimuli via the activation of p38 mitogen-activated protein kinase and Jun N-terminal kinase (Jnk). 3, 17, 18 Experiments were, therefore, conducted to examine whether the activation of ASK1 signaling accompanied the development of ischemicinduced HF and whether Na 2 S therapy could alter any changes. Analysis of heart homogenates from WT mice revealed that 1 week after the induction of HF, there was a significant increase ( Figure 5A and 5B; P<0.001 versus WT Sham) in the phosphorylation of ASK1 at threonine residue 845 (ASK1-P; phosphorylation here is indicative of activation). This was accompanied by a significant increase in the phosphorylation of Jnk (Jnk-P; threonine residue 183 and tyrosine residue 185), and p38 (p38-P; threonine residue 180 and tyrosine residue 182) ( Figure 5A , 5C, and 5D; P<0.001 and P<0.01 versus WT Sham, respectively), suggesting that ASK1 signaling was activated in response to HF. However, treatment with Na 2 S attenuated the HF induction of ASK1 signaling, as evidenced by a significant decrease in the phosphorylation of ASK1, Jnk, and p38 (P<0.05 versus WT Veh HF). No differences in total protein were observed in ASK1, Jnk, or p38.
Next, experiments evaluated whether Trx1 mediated the attenuation of the ASK1-Jnk/p38 signaling cascade in response to Na 2 S therapy. For these experiments, Tg-DN-Trx1 mice were subjected to HF and Na 2 S treatment as before. HF signaling increased the ASK1-Jnk/p38 signaling cascade in the Tg-DN-Trx1 mice, as evidenced by an increased phosphorylation of ASK1, Jnk, and p38 ( Figure 5A-5D; P<0.05, P<0 .001, and P<0.05 versus Tg-DN-Trx1 Sham, respectively). In all cases, the increase in the phosphorylation of ASK1, Jnk, and p38 in the Tg-DN-Trx1 hearts was higher than the increase observed in the WT heart (P<0.05 or P<0.001 versus WT Veh HF). Na 2 S therapy failed to decrease the HF-induced phosphorylation of ASK1, Jnk, or p38 in the Tg-DN-Trx1 mice. Again, no differences in total protein were observed in ASK1, Jnk, or p38. These data suggest that Na 2 S therapy requires Trx1 to inhibit the ASK1-Jnk/p38 signaling cascade initiated by HF.
Na 2 S Therapy Attenuated the HF-Induced Nuclear Export of HDAC4 in a Trx1-Dependent Manner
HDACs regulate several biological processes, largely through their repressive influence on transcription. 19 In particular, HDAC influences the activity of nuclear factor of activated T cells (NFAT), a procardiac hypertrophy transcription factor. 20 Trx1 protects the heart from stress by modulating the nuclear export of HDAC4. 16 Therefore, experiments were performed to determine whether the attenuation in cardiac hypertrophy observed after Na 2 S therapy was associated with changes in HDAC4 nuclear expression and NFAT activity. Analysis revealed that 1 week after the induction of HF, there was a significant decrease in the nuclear expression of HDAC4 ( Figure  6A ; P<0.001 versus WT Sham). Importantly, Na 2 S therapy attenuated this HF-induced export of HDAC4 (P<0.05 versus WT Veh HF). Further studies were then conducted to determine whether the changes in nuclear HDAC4 levels resulted in the activation of NFAT. For these studies, NFAT-luciferase reporter mice were subjected to HF and Na 2 S therapy. HF induced a significant increase in the activity of NFAT, as evidenced by an increase in the luciferase activity measured in the hearts of Veh HF and Na 2 S HF mice ( Figure 6B ; P<0.001 versus WT Sham). However, the Na 2 S HF mice displayed significantly lower luciferase activity when compared with the Veh HF mice (P<0.05). These data suggest that the reduction in cardiac hypertrophy observed in the Na 2 S HF mice could possibly be mediated through the actions of HDAC4 on NFAT transcriptional activity.
To determine whether Trx1 was needed for Na 2 S therapy to prevent the HF-induced nuclear export of HDAC4, Tg-DN-Trx1 mice were subjected to HF and Na 2 S treatment as before. These experiments found that HF increased the nuclear export of HDAC4 and that Na 2 S therapy failed to decrease this export ( Figure 6A ), suggesting that Na 2 S therapy requires Trx1 to prevent the nuclear export of HDAC4 after the imitation of HF.
Discussion
The cytoprotective effects of H 2 S have been documented in numerous models of injury, including HF. For instance, Mishra et al 21 reported that treatment with H 2 S in the drinking water of mice attenuated the adverse remodeling of the LV in an arteriovenous fistula model of chronic HF. Additionally, Givvimani et al 22 found that treatment with H 2 S in the drinking water mitigated the transition from compensatory hypertrophy to HF in response to aortic banding. Finally, it was reported that both endogenous and exogenous H 2 S improved survival and attenuated the morphological and functional impairments of the LV in mice after the initiation of ischemic-induced HF. 5 The present study further supports these previous findings and provides evidence that treatment with Na 2 S during the first 7 days of reperfusion not only improves LV dilatation and function during the development of ischemic-induced HF but also improves LV contractility and relaxation, as well as attenuates the development of cardiac hypertrophy. Together, these findings suggest that treatment with H 2 S attenuates adverse LV remodeling in response to different HF stimuli.
H 2 S has the ability to attenuate many of the processes that lead to LV remodeling. 23 In terms of cellular targets, Na 2 S therapy increases the transcriptional activity of nuclear-factor-E2-related factor-2, increases the phosphorylation of Akt, 5 suppresses matrix metalloproteinases, 21 and increases vascular endothelial growth factor synthesis. 22 The activation/inhibition of these proteins certainly contributes to the protective effects observed in the current study. However, given the nature of H 2 S as a gasotransmitter to activate multiple signaling pathways at the same time, 4 it can be hypothesized that other cellular targets are involved. Therefore, the main goal of the current study was to evaluate the role that Trx1 plays in mediating the cardioprotective effects of Na 2 S therapy. Trx1, a small redoxactive multifunctional protein, acts as a potent antioxidant and a redox-regulator 24 of many cellular processes. 25, 26 Trx1 plays a prosurvival role in response to myocardial injury by reducing cardiac hypertrophy and apoptosis. 11, 13, 14 Therefore, it was postulated that Trx1 could potentially mediate the protective effects of Na 2 S therapy in the setting of ischemic-induced HF because of these reported cardioprotective effects and because it was previously found that the protein expression of Trx1 was upregulated by a single injection of Na 2 S. 4 However, it was not known whether multiple injections of Na 2 S could maintain the elevated levels of Trx1. As such, the current study is the first to provide evidence that 7 days of Na 2 S therapy not only increases the gene and protein expression of Trx1 in the absence of ischemia but also that it augments the HF-induced increase in both, as well as increases Trx1 activity. More importantly, the current study provides direct evidence to support the hypothesis that Trx1 mediates the cardioprotective effects of Na 2 S therapy, as evidenced by the findings that Na 2 S therapy failed to improve cardiac dilatation, dysfunction, or hypertrophy in Tg-DN-Trx1 mice.
Another major finding of the current study relates to the mechanism that Na 2 S therapy signals through Trx1 to attenuate the adverse remodeling of LV during HF. Specifically, the current study provides important insights into the effects of Na 2 S therapy on ASK1-mediated signaling and HDAC nuclear expression. ASK1 is strongly activated in various cell types in response to stimuli, such as oxidative stress and tumor necrosis factor-α. 27 In the heart, ASK1 has emerged as a kinase of essential importance, given its prevailing role in regulating cell death and cardiac remodeling via the activation of p38 mitogen-activated protein kinase and Jnk. 3, 17, 18 Numerous proteins interact with ASK1 through protein-protein interactions to regulate its activity. In particular, Trx1 was identified in a yeast 2-hybrid screen as a negative regulator of the ASK1-Jnk/ p38 pathway. 28 Under normal conditions, ASK1 constantly forms an inactive complex with Trx1. However, in response to the oxidative stress after myocardial infarction, Trx1 releases ASK1 enabling it to phosphorylate Jnk and p38, 15 which ultimately leads to pathological LV structural and functional remodeling. 3 The findings of the current study support the hypothesis that activation of ASK1 contributes to the development of HF after myocardial infarction, as evidenced by the finding that the improvements in LV dilatation and function in response to Na 2 S therapy are associated with a suppression of the ASK1-Jnk/p38 pathway. More importantly, the current study provides evidence for the first time that Na 2 S therapy inhibits ASK1-Jnk/p38 signaling in a Trx1-dependent manner, as evidenced by the findings that Na 2 S therapy fails to reduce the phosphorylation of ASK1, Jnk, or p38 in Tg-DN-Trx1 mice.
The control of histone deacetylation by HDACs has been reported to be the central point for the control of cardiac growth and gene expression in response to acute and chronic stress stimuli. 20 In response to stress stimuli, the expression of class II HDACs does not change. Rather, HDACs are shuttled from the nucleus to the cytosol, where they can no longer suppress target transcription factors. 20 In the heart, pathophysiological stress signals associated with HF stimulate the nuclear export of HDAC4. 29 This in turn elicits the activation of NFAT, which ultimately leads to the development of cardiac hypertrophy. 20 Trx1 modulates the development of cardiac hypertrophy by regulating the nucleocytoplasmic shuttling of HDAC4. 16 On the basis of this evidence and the findings that Na 2 S therapy attenuated cardiac hypertrophy in a Trx1-dependent manner, the current study also sought to determine whether Na 2 S therapy could alter the nuclear expression of HDAC4 in response to ischemic-induced HF. For the first time, the results of the current study provide evidence that Na 2 S therapy attenuated the HF-induced nuclear export of HDAC4 in a Trx1-dependent manner and attenuated the HF-induced activation of NFAT. Together these findings suggest that an additional mechanism of action for Na 2 S therapy in the setting of ischemic-induced HF involves the prevention of the nuclear export of HDAC4 resulting in the inhibition of NFAT.
Although the current study demonstrates a dependence on Trx1 for Na 2 S therapy to provide cardioprotection in the setting of HF, there are a few caveats that need to be noted. First, in the original description of the Tg-DN-Trx1 mouse, 11 it was reported that elevations in oxidative stress induced cardiac hypertrophy with maintained cardiac function under baseline conditions. Although this was not observed in the current study, care should be taken when considering the effects of Trx1 inactivity and Na 2 S treatment on the development of cardiac hypertrophy after ischemic-induced HF. Second, these experiments cannot completely rule out the contribution of Trx1-independent mechanisms. For example, Akt, which is activated by Na 2 S, 5 has been shown to inhibit ASK1 30 and could possibly contribute to the suppression of ASK1 signaling. Additionally, the activation of protein kinase C, which is also induced by Na 2 S, 4 can regulate the phosphorylation of Jnk and p38 in an ASK1-independent manner. 31 In summary, this study provides novel evidence that Na 2 S therapy attenuates LV dilatation, LV dysfunction, and LV hypertrophy in the setting of ischemic-induced HF in a Trx1-dependent manner. Furthermore, these findings provide important information that the upregulation of cardiac Trx1 by Na 2 S in the setting of HF sets into motion events, such as the inhibition of ASK1 signaling and HDAC4 nuclear export, which ultimately leads to an attenuation of LV remodeling. Because patients with major remodeling demonstrate progressive worsening of cardiac function, preventing, slowing, or reversing remodeling is a goal of any HF therapy. 3 Therefore, the findings of the current study continue to support the emerging concept that treatment strategies aimed at increasing the levels of H 2 S may be of clinical importance in reducing the mortality and morbidity associated with HF.
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